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Background. Gliomas exhibit high glycolytic rates, and
monocarboxylate transporters (MCTs) play a major role
in the maintenance of the glycolytic metabolism through
the proton-linked transmembrane transport of lactate.
However, their role in gliomas is poorly studied. Thus,
we aimed to characterize the expression of MCT1,
MCT4, and their chaperone CD147 and to assess the ther-
apeutic impact of MCT inhibition in gliomas.
Methods. MCTs and CD147 expressions were character-
ized by immunohistochemistry in nonneoplastic brain
and glioma samples. The effect of CHC (MCT inhibitor)
and MCT1 silencing was assessed in in vitro and in vivo
glioblastoma models.
Results.MCT1,MCT4, andCD147were overexpressed in
the plasma membrane of glioblastomas, compared with
diffuse astrocytomas and nonneoplastic brain. CHC de-
creased glycolytic metabolism, migration, and invasion
and induced cell death in U251 cells (more glycolytic) but
only affected proliferation in SW1088 (more oxidative).
The effectiveness of CHC in glioma cells appears to be de-
pendent on MCT membrane expression. MCT1 downre-
gulation showed similar effects on different glioma cells,
supportingCHCas anMCT1 inhibitor. Therewas a syner-
gistic effect when combining CHC with temozolomide
treatment in U251 cells. In the CAM in vivo model, CHC
decreased the size of tumors and the number of blood
vessels formed.
Conclusions. This is the most comprehensive study report-
ing the expression of MCTs and CD147 in gliomas. The
MCT1 inhibitor CHC exhibited anti-tumoral and anti-
angiogenic activity in gliomas and, of importance, en-
hanced the effect of temozolomide. Thus, our results
suggest that development of therapeutic approaches target-
ing MCT1 may be a promising strategy in glioblastoma
treatment.
Keywords: CD147, CHC, glioblastomas, gliomas,
glycolytic metabolism, lactate, monocarboxylate
transporters.
G
liomas, the most common primary central
nervous system (CNS) tumors, have distinct his-
tological subtypes and, according to the latest
World Health Organization (WHO) classification, are
divided into 4 malignant grades.1 Glioblastomas
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(WHO grade IV) are not only the most frequent, but also
the most aggressive CNS tumors. Despite progress in
therapy, prognosis of patients with glioblastoma is still
very dismal. The current gold standard therapy strategy
combines temozolomide with radiotherapy, with an
overall survival of only approximately 15 months.2
Tumor cells present uncontrolled cell proliferation,
and during cancer progression, there are selective
active processes, namely adjustments of energy metabo-
lism, to fuel cell growth and division.3,4 A classical phe-
nomenon that describes this metabolic adaptation is a
shift from oxidative phosphorylation to aerobic glycoly-
sis, as a main source of ATP, even in the presence
of oxygen, known as the Warburg effect.5–7 The high
rates of glycolytic metabolism produce high levels of
lactate/H+ (lactic acid), and to maintain the enhanced
glycolytic flux and intracellular physiological pH,
tumor cells perform the efflux of lactic acid into the ex-
tracellular microenvironment, preventing intracellular
acidosis and consequent cell death.8 Therefore, tumor
cells upregulate pH regulators, such as monocarboxylate
transporters (MCTs), among others.9
The MCT family comprises 14 members with similar
topology; however, only 4 isoforms (MCT1–MCT4) are
proton-linked monocarboxylate transporters, perform-
ing the transmembrane transport of monocarboxylates,
such as lactate, coupled with a proton, in an equimolar
manner.10,11 Monocarboxylate transporters play an im-
portant role in mammalian metabolism by regulating
distinct pathways.12,13 In the adult brain, MCT1 is ex-
pressed in endothelial cells of microvessels and in astro-
cytes. MCT2 is expressed in neurons, and MCT4 is
present exclusively in astrocytes.14,15 The difference in
MCT isoforms between astrocytes and neurons is ex-
plained by the lactate shuttle hypothesis, which states
that lactate is produced by astrocytes and used by
neurons.16,17 MCT plasma membrane localization and
activity is regulated by coexpression with chaperone
proteins,11,13 namely CD147 (basigin) for MCT1,
MCT3, and MCT4 and gp-70 (embigin) for MCT2.18,19
Lactate produced by glycolytic tumor cells has an im-
portant role in the tumor microenvironment, being asso-
ciated with poor prognosis.20 Given the different affinity
of the MCT isoforms to lactate,11 MCT1 andMCT4 are
associated with lactate efflux and, therefore, have an im-
portant contribution to the maintenance of glycolytic
metabolism and consequently tumor cell survival.
Several studies described MCT expression in different
solid tumors, such as breast,21 colorectal,22 cervical,23
lung,24 and gastric25. However, expression of MCTs in
gliomas, in particular, in glioblastomas is not well char-
acterized, and their role is poorly elucidated. There are
only a few studies on brain tumors that describe the im-
portance of MCTs in pH homeostasis and tumor
growth.26–30
Because of the crucial importance of glycolytic me-
tabolism to tumor cells and the pivotal role of MCTs
in its maintenance, clarifying the role of MCTs in
glioma cell survival, proliferation, and aggressiveness is
essential. Thus, our study aimed to explore MCTs as a
new therapeutic target in glioblastomas. For that,
assessment of MCT1 and MCT4 expressions, as well
as CD147, in a series of human gliomas and evaluation
of the clinical-pathological significance of their expres-
sion profile was performed. Furthermore, the effect of
MCT1 inhibition on the viability, proliferation, survival,
and aggressiveness of glioma cells was evaluated in both
in vitro and in vivo models.
Materials and Methods
Tissues Samples
A series of paraffin-embedded glioma tissue samples was
obtained from Hospital Pedro Hispano, Matosinhos,
Centro Hospitalar do Porto, Porto, and Hospital do
Dr. Ne´lio Mendonc¸a, Madeira, Portugal. This series
was composed of 78 glioblastomas (WHO grade IV),
10 diffuse astrocytomas (WHO grade II), and 24 nontu-
moral adjacent tissues. The present study was previously
approved by Local Ethical Review Committees, and all
the samples enrolled in the present study were unlinked
and unidentified from their donors.
Cell Lines and Cell Culture
In the present study, 8 high-grade glioma cell lines were
used. The cell lines SW1088, SW1783, U87-MG, and
A172 were obtained from American Type Culture
Collection, the cell lines SNB-19 and GAMG were ob-
tained from German Collection of Microorganisms and
Cell Cultures, and the cell lines U251 and U373 were
kindly provided by Professor Joseph Costello,
California University, Neurosurgery Department,
San Francisco. Cell line authentication was performed
at IdentiCell Laboratories (Department of Molecular
Medicine at Aarhus University Hospital Skejby, A˚rhus,
Denmark) in August 2011. Genotyping confirmed the
complete identity of all cell lines, except the U373 cell
line, which was shown to be a subclone of the U251
cell line. All cell lines were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM 1×, High Glucose;
Gibco, Invitrogen) supplemented with 10% fetal
bovine serum (Gibco, Invitrogen) and 1% penicillin-
streptomycin solution (Gibco, Invitrogen) at 378C and
5% CO2.
Downregulation of MCT1 Expression
Silencing of MCT1 expression was done with siRNA
(siRNA for MCT1, ASO0J7OY, Invitrogen; scramble
siRNA, ASO0JDS2, Invitrogen), using lipofectamine
(13778-075, Invitrogen) as the permeabilization agent,
according to the manufacturer’s instructions.
Drugs
Alpha-cyano-4-hidroxycinnamate (CHC; Sigma-Aldrich)
and temozolomide (TMZ; Sigma-Aldrich) were dissolved
in dimethyl sulfoxide (DMSO; Sigma-Aldrich) to 3 M
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and 100 mMstock solutions, respectively, fromwhich the
working solutions were prepared.
Antibodies
For immunohistochemistry, we used the following anti-
bodies and dilutions: MCT1 (1:200 dilution; AB3538P;
Chemicon International); MCT4 (1:500 dilution, H-90;
sc-50329; Santa Cruz Biotechnology); CD147 (1:500
dilution; 18-7344; Zymed Laboratories Inc), and Ki67
(1:100 dilution; 6599-059; AbD Serotec).
Immunohistochemistry
Representative 4-mm-thick tissue sections were used for
immunohistochemical analysis. Immunohistochemistry
(IHC) for MCT1 was performed according to the
avidin-biotin-peroxidase principle (R.T.U. Vectastin
Elite ABC kit; Vector Laboratories), as previously de-
scribed by our group.22 For CD147 and MCT4, IHC
was performed with the Ultravision Detection System
Anti-polyvalent, HRP (Lab Vision Corporation), as pre-
viously described.31 In brief, deparaffinized and rehy-
drated slides were submitted to heat-induced antigen
retrieval for 20 min at 988C with 10 mM citrate buffer
(pH, 6.0) for MCT1 and MCT4 and 1 mM EDTA
buffer (pH, 8.0) for CD147. After endogenous peroxi-
dase inactivation, incubation with the primary antibody
was performed overnight for MCT1 and 2 h for MCT4
and CD147, at room temperature. The immune reaction
was visualized with 3,3′-Diamonobenzidine (DAB+
Substrate System; Dako) as a chromogen. All sections
were counterstained with Gill-2 haematoxylin. For neg-
ative controls, primary antibodies were omitted and also
replaced by a universal negative control antibody
(N1699, Dako). Colon carcinoma tissue was used as
positive control for MCT1, MCT4, and CD147.
Tissue immunostaining was evaluated semiquantitative-
ly, considering extension and intensity of staining, as
published previously.22 The score for immunoreactive
extension was as follows: score 0, 0% of immunoreac-
tive cells; score 1, ,5% of immunoreactive cells; score
2, 5%–50% immunoreactive cells; and score 3,
.50% of immunoreactive cells. For intensity, the
score was as follows: 0, negative; 1, weak; 2, intermedi-
ate; and 3, strong. The final score was defined as the sum
of these 2 semiquantitative scores, and for statistical
analysis, final score .3 was considered to be positive.
Cellular localization of staining (cytoplasm/membrane)
of the studied markers was also evaluated.
Immunocytochemistry
Paraffin cytoblocks were made from concentrated cell
suspensions by centrifuging fresh cell suspensions at
1200 rpm for 5 min. Cell pellets were incubated with
formaldehyde 3.7% overnight and recentrifuged. Cell
pellets were then processed in an automatic tissue proces-
sor (TP1020; Leica), before inclusion into paraffin (block-
forming unit EG1140H; Leica). Immunocytochemistry
for MCT1, MCT4, and CD147 was performed in 4 mm
cytoblock sections, according to the protocol mentioned
for paraffin tissues. Cells were evaluated for protein
expression, distinguishing cytoplasmic from membrane
expression.
Western Blotting
Parental glioma cell lines and siMCT1 cells were grown
to 80% confluence, homogenized in lysis buffer (supple-
mented with protease inhibitors) for 15 min, and then
centrifuged at 13 000 rpm for 15 min at 48C. The super-
natants were collected, and protein quantification was
performed according to the Bio-Rad Dc Protein Assay
(500-0113, Bio Rad). Aliquots of 20 mg of total
protein were separated on 10% polyacrylamide gel by
SDS-PAGE and transferred onto a nitrocellulose mem-
brane (Amersham Biosciences) in 25 mM Tris-base/
glycine buffer. Membranes were blocked with 5% milk
in TBS/0.1% Tween (TBS-T; pH ¼ 7.6) for 1 h at
room temperature. After incubation overnight at 48C
with the primary polyclonal antibodies for MCT1
(1:200 dilution; AB3538P; Chemicon International),
MCT4 (1:500 dilution, H-90; sc-50329; Santa Cruz
Biotechnology), and CD147 (1:500 dilution; 18-7344;
Zymed Laboratories), membranes were washed in
TBS/0.1% Tween and incubated with the secondary an-
tibody coupled to horseradish peroxidase (SantaCruz
Biotechnology). The bound antibodies were visualized
by chemiluminescence (Supersignal West Femto kit;
Pierce), and quantification of Western blot results
using band densitometry analysis was performed
with the Image J software (version 1.41; National
Institutes of Health). b-Actin was used as loading
control at 1:300 dilution (I19, sc-1616; Santa Cruz
Biotechnology).
Cell Viability and Proliferation Assays
Cells were plated into 96-well plates, at a density of 3 ×
103 cells per well. The effect of treatment with CHC
(0.6–12 mM) on cell number (total biomass) was deter-
mined at 24, 48, and 72 h by the sulforhodamine B assay
(SRB, TOX-6; Sigma-Aldrich), according to the manu-
facturer’s recommendations. IC50 values (i.e., CHC con-
centration that corresponds to 50% of cell growth
inhibition) were estimated from 3 independent experi-
ments, each one in triplicate, using GraphPad
Software. Cell proliferation assay was performed as pre-
viously described32 and assessed under the treatment
conditions previously described, for 5 mM and 10 mM
of CHC. After CHC treatment, cells were incubated
with BrdU and its incorporation was assessed at
450 nm (lref ¼ 655 nm), according to the manufactur-
er’s protocol (BrdU, Cell Proliferation ELISA; Roche
Diagnostics). Cell growth (total biomass) and cell prolif-
eration for glioma siMCT1 cells and the effect of CHC
(1.25–15 mM) on cell number were performed as de-
scribed above.
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Drug Combination Studies
A density of 3 × 103 U251 cells/well were seeded into
96-well plates. Treatments with TMZ (0.01–1 mM),
CHC (0.6–12 mM), and TMZ + CHC (0.05–0.5 mM
TMZ + 5 mM CHC) were done for 72 h. The effect of
TMZ and CHC alone or in combination on cell
growth was evaluated using the SRB assay, as described
above. The combined effect of the drugs was determined
using the CalcuSyn Software (Biosoft). Synergy or antag-
onism was quantified by the combination index (CI),
where CI ¼ 1 indicates an additive effect, CI, 1 indi-
cates synergy, and CI . 1 indicates antagonism.33
Metabolism Assay (Extracellular Glucose and Lactate
Measurements)
Cells were plated in 48-well plates at a density of 4 ×
104 cells per well and allowed to adhere overnight.
Then, cells were treated with 5 mM and 10 mM CHC,
and the cell culture medium was collected after 8, 12,
and 24 h for glucose and lactate quantification. For
these time points, the total protein (expressed as total
biomass) was assessed using the SRB assay. Cellular me-
tabolism for glioma siMCT1 cells was assessed for 12
and 24 h. Glucose and lactate were quantified using
commercial kits (Roche and Spinreact, respectively), ac-
cording to the manufacturer’s protocols. Results are ex-
pressed as total mg/total biomass.
Apoptosis Assay
Apoptotic and necrotic cell populations were deter-
mined by Annexin V-FLOUS Apoptosis Kit (Roche
Diagnostics) according to the manufacturer’s instruc-
tions. For that, 2.5 × 105 cells/well were seeded into
6-well plates in DMEM culture medium. Cells were
treated with the IC50 value of CHC for 72 h. After
that, cells were collected and Annexin V/PI staining
was performed according to the manufacturer’s instruc-
tions and incubated for 15 min at room temperature.
The percentage of cell death was assessed by flow cytom-
etry (LSRII model, BD Biosciences), a total of 50 000
events, and the results were analyzed using the FlowJo
software (version 7.6; Tree Star).
Wound-Healing Assay
Cells were seeded in 6-well plates and cultured to at least
95% of confluence, and wound-healing assay was per-
formed as described previously.32,34 Cells were treated
with 5 and 10 mM CHC for 24 h, and the wound
areas were photographed at 0 and 24 h. The relative mi-
gration distances were analyzed using Image J Software
(version 1.41; National Institutes of Health). The rela-
tive migration for siMCT1 glioma cells was assessed as
described above.
Invasion Assay
Cell invasion in U251 and SW1088 cells was performed
using 24-well BD Biocoat Matrigel Invasion Chambers,
according to the manufacturer’s instructions (354480,
BD Biosciences). In brief, after matrigel invasion
chamber rehydration, cells were seeded and incubated
with 5 mM and/or 10 mM CHC for 24 h. Then, nonin-
vading cells were removed and invading cells were
fixed with methanol and stained with hematoxylin.
Membranes were photographed inOlympus SZx16 stero-
microscope (16×), and invading cells were counted using
the Image J software (version 1.41; National Institutes of
Health). Invasionwas calculated aspercentageof cell inva-
sion normalized for the control condition.
Chicken Chorioallantoic Membrane (CAM) Assay
CAM assay was performed as previously described.32,34
In brief, fertilized chicken eggs (Pinto Bar) were incubat-
ed at 378C. On day 3 of development, a window was
made into the eggshell after puncturing the air
chamber, and eggs were sealed with BTK tape and re-
turned to the incubator. On day 9 of development, a
ring was placed on the CAM, and on day 10, the U251
cell line (2 × 106 cells in 20 mL DMEM medium) was
placed inside the ring and the eggs were tapped and re-
turned to the incubator. At day 14 of incubation, the
control group received 40 mL of 1% DMSO in DMEM
without fetal bovine serum and the treated group re-
ceived 40 mL of 5 mMCHC. After 72 h (day 17 of devel-
opment), the chicken embryos were sacrificed by placing
them at2808C for 10 min. CAMswith tumors were dis-
sected, fixed in 4% paraformaldehyde at room tempera-
ture, and included in paraffin. Immunohistochemistry on
paraffin sections of microtumors was performed for
MCTs, as previously described for the human samples.
The effect of CHC on cell proliferation was assessed
by Ki67 immunohistochemistry using the
avidin-biotin-peroxidase method (R.T.U. Vectastin
Elite ABC kit, Vector Laboratories). Antigen retrieval
was performed in the microwave with 10 mM citrate
buffer (pH ¼ 6) for 15 min. Digital Images were taken
on days 14 and 17 of development in a stereomicroscope
(Olympus S2 × 16), using a digital camera (Olympus
DP71). At the selected time points, the in ovo tumor pe-
rimeter was measured using the Cell B software
(Olympus). Before paraffin inclusion, tumors were pho-
tographed ex ovo for blood vessel count. The number of
blood vessels was counted in the area inside the ring
placed previously in the CAM, using Image J software
(version 1.41; National Institute of Health). CHC
effect on CAM vascularization was performed at day
14 of development for 72 h. At day 17, the CAM was
photographed ex ovo for blood vessel count, as de-
scribed above.
Statistical Analysis
Data from human tissue samples were analyzed
using SPSS statistical software (version 18.0; SPSS).
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The comparison of MCTs and CD147 expressions
among nontumoral, diffuse astrocytomas, and glioblas-
toma tissues was evaluated for statistical significance
using the Pearson’s x2 test, with the threshold for signifi-
cance being P ≤ .05. Analyses of associations between
MCTs and CD147 expressions in glioblastomas and as-
sociations with clinical-pathological data were per-
formed using the same statistical analysis. For the in
vitro studies, the GraphPad prism 5 software was used,
with the Student’s t-test, considering significant values
to be P ≤ .05.
Results
Expression of MCT1, MCT4, and CD147 in Human
Brain Samples
In the present study, 24 nonneoplastic adjacent brain
tissues, 10 diffuse astrocytoma (WHO grade II), and
78 glioblastoma (WHO grade IV) tissues were character-
ized for MCT1, MCT4, and CD147 immunohistochem-
ical expression (Table 1). MCT1, MCT4 and CD147
were expressed in few cases of nonneoplastic brain
tissues (29.2% [7/24], 10.0% [2/20], and 4.6% [1/
22], respectively). In diffuse astrocytomas, MCT1 and
MCT4 were both expressed in 80.0% (8/10) of cases,
and CD147 was expressed in 40.0% (4/10). MCT1,
MCT4, and CD147 were highly expressed in glioblasto-
mas (87.2% [68/78], 91.0% [71/78], and 77.9% [60/
77], respectively) (Table 1). There was a significant in-
crease inMCT1,MCT4, and CD147 expressions in glio-
blastomas, compared to nontumoral tissues. In addition,
CD147 expression increased significantly from diffuse
astrocytomas to glioblastomas, but not MCT1 or
MCT4 expressions (Table 1). Of note, MCT1, MCT4,
and CD147 were present only in the cytoplasm in nontu-
moral brain tissue and diffuse astrocytomas (Table 1,
Fig. 1). On the other hand, MCT1 and CD147 were ex-
pressed in the plasma membrane of almost all positive
glioblastoma cases, whereas MCT4 was only expressed
in 56.3% of the total glioblastomas (Table 1, Fig. 1).
With regard to positivity for plasma membrane expres-
sion, significant associations between MCT1 and
CD147 (72.3% [44/61]; P, .001) and between
MCT4 and CD147 (77.5% [31/40]; P, .001) were ob-
served. No significant associations were found between
MCT1, MCT4, and CD147 expressions and clinical-
pathological data, such as age, sex, recurrence, and
death (P . .05; Table 2). In addition, no correlation
between MCT1, MCT4, and CD147 expressions with
overall survival was observed using a Kaplan–Meier
analysis (P ¼ .101, P ¼ .850, P ¼ .871, respectively;
data not shown). Furthermore, both MCT1 and
CD147 were expressed in microvessels and capillaries
of nonneoplastic brain tissue and diffuse astrocytomas
(Fig. 1).
Expression of MCT1, MCT4, and CD147 in Glioma
Cell Lines
All glioma cell lines expressed MCT1 and MCT4 and
CD147, however, with distinct levels, as detected by
Western blot and immunocytochemistry (Fig. 2). There
was prominent MCT1 expression at the plasma
membrane of U251, U373, SNB-19, and GAMG cells.
MCT4 was expressed at the plasma membrane in
U251, U373, SW1783, and GAMG cell lines, whereas
for SW1088 and U87 cells, expression was only
present in the cytoplasm. CD147 was expressed at the
plasma membrane in almost all cell lines.
In Vitro Effect of CHC on Glioma Cells
To assess the role of MCTs on glioblastoma behavior,
we used the classical MCT inhibitor CHC. There is evi-
dence that CHC inhibits MCT1 activity, with no appar-
ent cytotoxicity in vivo.35,36 First, we started to measure
the effect of CHC on cell viability. The response of
Table 1. Monocarboxylate transporters (MCT1 and MCT4) and CD147 expressions in nontumoral and glioma tissues
Isoform n Immunoreaction Plasma Membrane
Positive % P* Positive % P*
MCT1
Nontumoral 24 7 29.2 ,.001 0 0.0 ,.001
Diffuse astrocytoma 10 8 80.0 .621 0 0.0 ,.001
Glioblastoma 78 68 87.2 61 78.2
MCT4
Nontumoral 20 2 10.0 ,.001 0 0.0 .001
Diffuse astrocytoma 10 8 80.0 .224 0 0.0 ,.001
Glioblastoma 78 71 91.0 40 56.3
CD147
Nontumoral 22 1 4.6 ,.001 0 0.0 ,.001
Diffuse astrocytoma 10 4 40.0 .019 0 0.0 ,.001
Glioblastoma 77 60 77.9 56 72.7
*Association with glioblastoma tissue.
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glioma cell lines to CHC (IC50 values) was estimated
after 72 h of treatment (see Supplementary material,
Fig. S1 and Table S1). We found that, in the range of
0.6–12 mM of CHC, glioma cells present a decrease in
total biomass (SRB assay). Most cell lines presented
IC50 values for CHC of 2.5–5.1 mM CHC, with
higher values for SW1088 and SW1783 cell lines
(10.8 mM and 7.1 mM CHC, respectively) (see
Supplementary material, Table S1). For subsequent
studies, 2 cell lines were chosen on the basis of their op-
posite response to CHC: U251, one of the most sensitive
cells, and SW1088, the least-sensitive cell line (see
Supplementary material, Table S1). CHC decreased
the total cell biomass over time in a dose-dependent
manner in U251 cells; however, the CHC effect was
smaller on SW1088 cells (Fig. 3A). We assessed the gly-
colytic rates of both cell lines by measuring the extracel-
lular levels of glucose and lactate over time. As can be
seen in Fig. 3B, U251 exhibited higher glycolytic rates
than SW1088 cells. Then, to evaluate the effect of
CHC on metabolic disturbance, glucose consumption
and lactate production were evaluated for 8, 12, and
24 h, using 5 mM and 10 mM CHC for U251 and
SW1088 cells. Results for U251 showed a significant
decrease in glucose consumption for 12 and 24 h and
in lactate production for 12 h for 10 mM CHC and
24 h for both 5 mM and 10 mM CHC, compared with
untreated cells (Fig. 3C). For SW1088, only 10 mM
Fig. 1. Immunohistochemical expression of monocarboxylate transporters and their chaperone protein CD147 in glioma samples. MCT1 and
MCT4 isoforms and their chaperone CD147 presented weak cytoplasmic expression in few cases of nontumoral cerebral tissue. Diffuse
astrocytomas presented cytoplasmic expression of MCT1, MCT4, and CD147. Glioblastoma tissues present a strong expression of MCT1
and CD147, mainly at the plasma membrane, whereas MCT4 reactivity was found in both the cytoplasm and the plasma membrane.
Pictures were obtained using the microscope Olympus BX61, at 400× magnification.
Table 2. Associations of monocarboxylate transporters (MCT1 and MCT4) and CD147 expressions with clinical-pathological features
Feature n MCT1 n MCT4 n CD147
Positive (%) P Positive (%) P Positive(%) P
Death 59 37 (62.7) .671 59 41 (69.5) .564 58 34 (58.6) .727
Recurrence 58 25 (43.1) .167 58 31 (53.4) .316 57 24 (42.1) .484
Age .731 .678 .216
≥55 years 76 37 (48.7) 76 41 (53.9) 75 36 (48.0)
,55 years 29 (38.2) 28 (37.3) 23 (30.7)
Sex .505 .446 .377
Male 75 38 (50.7) 75 42 (56.0) 74 34 (45.9)
Female 27 (36.0) 27 (36.0) 25 (33.8)
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CHC produced a significant decrease in glucose con-
sumption for 24 h, with no significant effect on lactate
production over time (Fig. 3C).
In cell proliferation analysis assessed by BrdU assay,
CHC decreased the proliferation of U251 over time for
the 2 CHC concentrations used (5 mM and 10 mM),
whereas for SW1088, this effect was only seen for
10 mM CHC at 72 h of treatment (Fig. 4A). To deter-
mine the effect of CHC on glioma cell death and cell
cycle distribution, U251 and SW1088 cells were
Fig. 2. Monocarboxylate transporters (MCT1 and MCT4) and CD147 expressions in glioblastoma cell lines. (A) Western blot analysis of
MCT1, MCT4, and CD147 showing different levels of expression in glioma cells. The molecular weights (kDa) are the following: 50 kDa
for MCT1, 52 kDa for MCT4, and 50–60 kDa for the highly glycosylated and 42 kDa for low glycosylated form of CD147. Results are
presented as the mean+SD of 2 independent cell lysates. (B) Immunocytochemistry analysis of MCT1, MCT4, and CD147 expressions
in glioma cells (400× magnification). MCT1 is mainly expressed at the plasma membrane of U251, U373, SNB-19, and GAMG glioma
cell lines, whereas MCT4 is present at both plasma membrane and cytoplasm of the different glioma cells. CD147 is expressed at the
plasma membrane of some glioma cells, with different levels.
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treated during 72 h with 5 mM and 10 mM CHC, re-
spectively. U251 presented a significant increase in the
cell population of subG0 phase and a decrease in the
cell population of G0/G1 phase of the cell cycle, com-
pared with the control. However, in SW1088, there
was a significant increase in the cell population of S
Fig. 3. Effect of the MCT inhibitor, CHC, on total cell biomass and cellular metabolism. (A) The effect of CHC on total biomass of glioma
cells was evaluated over time by the sulphorhodamine B assay. CHC inhibited the viability of U251 cells, but not SW1088, over time, in a
dose-dependent manner. (B) Metabolic characterization of U251 and SW1088 cells. U251 cells presented higher levels of glucose
consumption and lactate production than SW1088 cells. *P ≤ .05, compared U251 with SW1088 cells. (C) The effect of CHC on cellular
metabolism was evaluated by extracellular glucose and lactate measurements. CHC induced a significant decrease in glucose
consumption and lactate production on U251, compared with SW1088 cells. Results were normalized to total biomass, at each time
point. *P ≤ .05, compared 5 mM CHC with DMSO. #P ≤ .05, compared 10 mM CHC with DMSO. Results are expressed as the mean+
SD of at least 3 independent experiments, each in triplicate.
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phase with a decrease in the cell population of G0/G1
phases, but without effect in the cell population of
subG0 phase (see Supplementary material, Fig. S2).
Through the Annexin V/PI assay, we observed that
CHC induced cell death in U251 cells, but not in
Sw1088, by a significant increase in late apoptotic/ne-
crotic cell population (Fig. 4B). According to these
results, CHC induced cell death in the U251 cell line,
having only an effect on proliferation of SW1088 cells.
Thus, CHC appears to have a cytotoxic effect in U251
cells and a cytostatic effect in SW1088 cells.
The importance of MCT activity on cellular migra-
tion and invasion capacity was assessed by the wound-
healing assay and matrigel invasion assay, respectively.
Treatment with CHC decreased U251 cell migration
for both concentrations of CHC (5 mM and 10 mM),
but not for SW1088 cells (Fig. 4C). In addition, we ob-
served that 10 mM of CHC induced a significant
decrease in U251 cell invasion (Fig. 4C).
To evaluate the effect of the combination of CHC and
TMZ, we assessed U251 cell total biomass with use of
the SRB assay. CHC potentiated the effect of TMZ,
Fig. 4. Effect of CHC on glioma cell behavior and response to TMZ. (A) The effect of CHC on cell proliferation was determined using the
BrdU assay. CHC had a significant effect on the cellular proliferative capacity of U251 cells over time, and for SW1088, CHC only had an
effect for 10 mM CHC at 72 h. *P ≤ .05, compared 5 mM CHC with DMSO. #P ≤ .05, compared 10 mM CHC with DMSO. Results are
expressed as the mean+SD of at least 3 independent experiments, each in triplicate. (B) Cell death analysis was done in U251 and
SW1088 cells after 72 h of treatment with IC50 values of CHC by Annexin V/PI assay (flow cytometry). In U251 cells, we observed a
significant increase in cell death induced by CHC, whereas for SW1088, there was no difference (right panel). Representative dotplot of
cell population distribution stained for Annexin V and PI are shown in the left panel (cell population in bottom/left ¼ viable cells; the cell
population in upper/right ¼ death cells [late apoptosis/necrosis]). *P ≤ .05. Results are expressed as the mean+SD of at least 3
independent experiments; (C) In the wound-healing migration assay and matrigel invasion assay, we observed that CHC decreased
U251 cell migration, compared with control cells, but not for SW1088 cells. Representative images of the migration assay at 0 and 24 h
are presented (40× magnification) (left panel). For invasion assay, representative images at 24 h are shown (100× magnification) (right
panel); *P ≤ .05, compared 5 mM CHC with DMSO. #P ≤ .05, compared 10 mM CHC with DMSO. Results are expressed as the
mean+SD of at least 3 independent experiments. (D) Effect of CHC + TMZ treatment in U251 cell growth was evaluated by SRB at
72 h. U251 cells were treated with fixed concentration of CHC (5 mM) and increasing concentrations of TMZ (0.05–0.5 mM). TMZ +
CHC therapy decreased cell growth of U251 cells, compared with TMZ alone (graph). Growth curves for TMZ and CHC in monotherapy
were compared with the combination to determine the combination index (CI) for each concentration of TMZ (table). Values ,1
indicate a synergistic drug relationship; results are representative of 3 independent experiments, each in triplicate.
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decreasing its IC50 value (Fig. 4D). The CI was ,1
(Fig. 4D), confirming the synergistic effect of the combi-
nation of CHC with TMZ.
To further confirm CHC inhibition of MCT1 as the
mechanism of selective toxicity observed in glioblastoma
cells, we performed downregulation of MCT1 with use
of siRNA in U251, SNB-19, and GAMG cell lines,
which exhibited MCT1 expression at the plasma mem-
brane. Downregulation of MCT1 in all 3 cell lines led
to an efficient decrease in MCT1 expression, which
was accompanied by decrease of CD147 expression in
U251 and SNB-19 cells (Fig. 5A). No effect on MCT4
expression was observed in all 3 cell lines (Fig. 5A).
Similar to MCT1 activity inhibition, downregulation
of MCT1 in glioma cells led to a decrease in cell
growth over time, being only significant for GAMG
cells for 72 h (Fig. 5B). Likewise, cell proliferation de-
creased over time for the 3 cell lines (Fig. 5C).
Downregulation of MCT1 also induced a significant
decrease in lactate production in U251 and SNB-19
cells for 12 and 24 h and in GAMG cells for 24 h
(Fig. 6A), supporting the role of MCT1 in the mainte-
nance of glycolytic rates. In addition, it was observed
that downregulation of MCT1 induced a significant
decrease in the cellular migration of U251, SNB-19,
and GAMG cells (Fig. 6B). Downregulation of MCT1
increased the IC50 values for CHC, compared with
control cells, up to 72 h (Fig. 7A) in all glioma cells
used. Furthermore, treatment of siMCT1 cells with
CHC did not alter lactate production (Fig. 7B).
In Vivo Effect of CHC on Glioma Cells
U251 cell line exhibits higher glycolytic rates, and ac-
cording to the in vitro results obtained in this study,
MCT activity appears to have an important role on
Fig. 5. Effect of MCT1 downregulation on cell growth and proliferation. (A) Western blot analysis of MCT1, MCT4, and CD147 expressions
in siMCT1 U251, SNB-19, and GAMG cells. Molecular weights (kDa) are the following: 50 kDa for MCT1, 52 kDa for MCT4, and 50–
60 kDa for the highly glycosylated and 42 kDa for the low glycosylated form of CD147. (B) Cell growth and (C) cell proliferation
decreased with MCT1 downregulation. *P ≤ .05, siMCT1 cells compared with scramble. Results represent the mean+SD of at least 3
independent experiments, each in triplicate.
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cell growth, migration, and invasive capacity of these
cells. Thus, we evaluated the potential of CHC in vivo
with use of the chicken CAM assay,37 which allows a
3D tumor formation that is important in the context of
tumor microenvironment and cellular metabolism.
U251 cells were grown in the CAM of chicken
embryos for 4 days, and treatment with 5 mM CHC
was initiated. As shown in Fig. 8A, we observed a diffe-
rence in tumor size between the control and treated
group and in the number of blood vessels formed
around the tumor. CHC induced a significant decrease
in the perimeter of the tumors of the treated group
(3.6 mm), compared with the control group (5.2 mm),
after 72 h (Fig. 8B). This treatment also induced a signif-
icant decrease in the number of blood vessels around the
tumors in the treated group (45 vessels), compared with
the control group (35 vessels) (Fig. 8B). In addition,
CHC decreased the proliferation of tumors, presenting
25% Ki67 positive cells in the control group (n ¼ 5),
compared with 5% in the CHC group (n ¼ 5) (Fig. 8C
and D). However, there was no clear difference in
MCT1 and MCT4 expressions between the control
and CHC group (Fig. 8C), corroborating the results ob-
tained in vitro (see Supplementary material, Fig. S3).
Furthermore, CHC did not decrease the number of
blood vessels when put alone in the CAM under the
same conditions (Supplementary material, Fig. S4), dem-
onstrating that CHC effect is mediated by the tumor cells
and not directly on the CAM vessels.
Discussion
Glioblastomas are very aggressive human neoplasms, pre-
senting high resistance to current therapy.2 Thus,
exploitation of new molecular targets becomes crucial in
neuro-oncology. It is well established that solid tumors,
including glioblastomas, present hypoxic regions and in-
creased glycolysis. It is described that glycolysis is upregu-
lated .3-fold in glioblastomas that in normal brain,38
Fig. 6. Effect of MCT1 downregulation on lactate production and cell migration. (A) Lactate production decreased at 12 and 24 h in both
siMCT1 U251 and SNB-19 cells and only at 24 h in GAMG cells. Results represent the mean+SD of at least 3 independent experiments,
each in triplicate. *P ≤ .05, siMCT1 cells compared with scramble. (B) Downregulation of MCT1 decreased the migration capacity of cells by
the wound-healing assay. Results represent the mean+SD of at least 3 independent experiments. *P ≤ .05, siMCT1 cells compared with
scramble.
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accompanied by an increased ratio of lactate to pyru-
vate.39Thus, upregulationofMCTs likely plays an impor-
tant role in glioma intracellular homeostasis and, thus,
contributes to its high aggressiveness.
In the present study, we observed that MCT1 and
MCT4 were upregulated in glioblastomas, compared
with nonneoplastic brain tissues. Compared with
diffuse astrocytomas, no significant differences were ob-
served, possibly because of the small number of cases
evaluated. Our results are in accordance with the study
of Froberg et al.,30 who showed that MCT1 was upregu-
lated in glioblastoma tissues (n ¼ 17), compared with
normal brain and low-grade astrocytomas (n ¼ 14).
However, unlike our study, the authors did not describe
the cellular localization of MCT1 expression, essential
for the role of MCTs in intracellular homeostasis.
MCT4 expression has not previously been looked at in
brain tumors. MCT4 is increased in glioblastomas, com-
pared with nonneoplastic brain tissue, and in a high
number of glioblastomas, MCT4 was present in the
cytoplasm (43.7% [31/71]), in opposition to MCT1.
The high expression of MCT4 in the cytoplasm may
reflect its role in lactate-pyruvate transport in other
intracellular organelles.40,41 Thus, our results suggest
that MCT1 would be preferentially involved in lactate
efflux, as an adaptation to the glycolytic phenotype in
glioblastomas. In addition to being an MCT1 and
MCT4 chaperone, CD147 is described as a key
element in oncogenesis42 and is upregulated in many
human tumors. In the present study, CD147 expression
increased with malignancy, with a significant increase
from nonneoplastic tissue to diffuse astrocytomas and
high-grade gliomas. Our results are in accordance with
the study of Sameshima et al., in which it was shown
that CD147 was highly expressed in glioblastomas
(n ¼ 9) but not in low-grade gliomas (n ¼ 9) or nonneo-
plastic brain tissue (n ¼ 12).43 In addition, our results
showed an association of both MCT1 and MCT4 with
CD147 plasma membrane expression, supporting the
role of CD147 as chaperone for both MCT isoforms in
gliomas.
We observed that MCT1, MCT4, and CD147 are ex-
pressed in the glioma cell lines studied, however, with
different expression levels and cellular localization and
with a pattern similar to glioblastoma tissues. To under-
stand the biological role of MCTs, we performed in vitro
Fig. 7. Effect of MCT1 downregulation on the sensitivity to CHC. (A) IC50 values for scramble and siMCT1 cells were determined over
time by total cell biomass. (B) Effect of CHC on lactate production in siMCT1 cells over time. *P ≤ .05, 5 mM CHC compared with
DMSO. #P ≤ .05, 10 mM CHC compared with DMSO. Results are expressed as the mean+SD of at least 3 independent experiments,
each in triplicate.
Miranda-Gonc¸alves et al.: Targeting lactate transport in gliomas
NEURO-ONCOLOGY † F E B R U A R Y 2 0 1 3 183
D
ow
nloaded from
 https://academ
ic.oup.com
/neuro-oncology/article-abstract/15/2/172/1415848 by B-O
n C
onsortium
 Portugal user on 29 M
ay 2019
and in vivo assays using CHC, a classical MCT inhibitor.
Despite the availability of other MCT inhibitors, such as
4,4′-diisothiocyanostilbene-2,2′-disulphonate (DIDS),44
quercetin,45 and lonidamine (LND),46 CHC is the best
described in the literature as having MCTs, namely
MCT1, as a primary target,47 which of importance,
shows no toxicity in in vivo models.35,36 Nevertheless,
CHC and all the other compounds may have other
targets. It is described that CHC inhibits the chloride-
bicarbonate exchanger AE1 with lower affinity.12
DIDS inhibits AE1 more powerfully than MCTs,12 and
quercetin has various intracellular targets, inhibiting sig-
naling molecules involved in cell survival and prolifera-
tion.48 LND inhibits lactate transportation,46,49
decreasing intracellular pH;50 however, it is well de-
scribed that the LND primary target is the hexokinase
II (HKII) enzyme activity.51,52
We verified that most glioma cell lines were sensitive
to CHC, with the exception of SW1088 and SW1783
cells, which showed lower sensitivity. The effect of
CHC on U251 and SW1088 total cell biomass appears
to be related to lactate transport activity. Accordingly,
U251 cells presented higher levels of MCT1 and
CD147 at the plasma membrane than did SW1088,
and consequently, CHC decreased glucose consumption
and lactate production in U251, but not in SW1088
cells. A decrease in glucose consumption is an expected
result, because the blockage of lactate efflux likely
leads to glycolysis arrest. In the sensitive U251 cells,
CHC was able to inhibit cell proliferation and induce
cell death, having a cytotoxic effect; however, in the
less sensitive SW1088 cells, CHC only inhibited cell pro-
liferation but did not induce cell death, having only a
cytostatic effect. We verify that MCT location was in
agreement with the CHC effect on cell proliferation
and/or cell death. Our findings support the dependence
of CHC sensitivity on MCT plasma membrane expres-
sion. Results obtained by Mathupala et al. showed that
Fig. 8. In vivo effect of CHC in U251 glioma cell growth. (A) Representative pictures (16× [up] and 12.5× [down] magnifications) of CAM
assay after 7 days of tumor growth ex ovo. Representative pictures of CHC effect on the perimeter (up) and in vascularization (down)
of tumors. (B) Tumor growth was measured in vivo, and blood vessels around the tumors were counted ex ovo, as described in
the Materials and Methods section. A significant decrease in the perimeter (mm) of the tumors treated with 5 mM CHC (left graph)
(control group n ¼ 20; CHC group n ¼ 20) was observed. CHC decreased the number of vessels around the tumors, compared with
the control group (right graph) (control group n ¼ 20; CHC group n ¼ 20). (C) Representative pictures (400× magnification) of
immunohistochemical analysis of MCT1, MCT4, and Ki67 expression in tumors of control compared with CHC group. CHC did not
induce an effect in the cellular localization and expression of MCT1 and MCT4. In Ki67 immunoreaction, we observed a decrease in the
number of U251-stained cells in the CHC group, compared with control group. (D) Percentage of Ki67 positive cells. CHC group had a
lower number of Ki67 positive cells (5%, n ¼ 5), compared with the control group (25%, n ¼ 5); data are the mean+SD. *P ≤ .05.
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inhibition of MCTs by siRNA26 and CHC27 reduced cell
viability and lactate efflux and promoted cell death in
U87-MG cells; however, they did not associate these
results with MCT cellular localization. MCT plasma
membrane expression is essential for lactate efflux, con-
tributing to the maintenance of the high glycolytic rates
and to acidic microenvironment, important features
in tumor invasive phenotype.6 Thus, assessment of
plasma membrane expression becomes crucial to
explain the effect of CHC. Despite being described as
an inhibitor of pyruvate transportation into the mito-
chondria,47 recent studies indicate that CHC does not
enter the cell,27,36 because its inhibitory effect is depen-
dent on interactions with membrane proteins accessible
from the outside of the cell. It is known that CHC can
inhibit different MCT isoforms;11 however, they have
different sensitivities. In this context, in addition to
MCT1, CHC could also inhibit MCT4 activity;
however, the latter should happen at much higher con-
centrations, because MCT4 has much lower affinity for
CHC (Ki values are 5–10 times higher than for
MCT1; 50–100 mM). Because we used concentrations
of 0.6 –12 mM CHC, it can be assumed that CHC
effect is mediated by MCT1 inhibition.
CHC inhibited the migration and invasion capacity of
the glycolytic U251 but not the less glycolytic SW1088
cells, suggesting that the glycolytic phenotype and MCT
expression profile have an important role in the migration
and invasive capacity of glioma cells, putatively through
lactate efflux and consequent contribution to acidicmicro-
environment.Our results are in accordancewith the recent
published studies, which demonstrate that classical MCT
inhibitors and knockdown of MCT1 and MCT4 reduced
the migration and invasion capacity of breast, lung, and
glioma cells.36,53,54 Although the recent study published
byMathupala et al.36 reported that CHC decreases the in-
vasive capacity of glioma cells, the authors did not charac-
terize MCT isoform expression and cellular location in
glioma cells, which would be essential to show that the
effect of CHC is mediated by lactate efflux inhibition
throughMCTs. Thus, according to the differentMCT ex-
pression between both cell lines in study, our results
suggest thatMCT1mayhave a crucial role in the highly in-
vasive capacity of glioma cells, along with lactate55 in the
tumor microenvironment.
Overall, our results suggest that the effect of CHC on
lactate transportation activity, namely lactate efflux, and
consequently, proliferation, cell death, migration, and
invasion activity may be mediated through MCT1 inhi-
bition. It is known that MCTs are expressed in several
human organs,13 and therefore, some adverse effects
are expected because of inhibition of lactate transport
activity by CHC. However, Sonveaux et al.35 and
Colen et al.36 demonstrated that CHC did not show ap-
parent toxicity in the animal models used. Moreover, it
was demonstrated that CHC effects in the normal
brain tissue are minimal and do not have a significant
impact in the neuron-astrocyte lactate shuttle.36
In addition, we showed that the use of CHC in com-
bination with TMZ potentiated the effect of TMZ on
glioma cell growth. These results suggest that CHC,
through lactate transport inhibition and consequent gly-
colytic flux arrest, makes glioma cells more sensitive to
standard therapy. Thus, CHC becomes a promising
drug for adjuvant therapy of patients with glioblasto-
mas, sensitizing glioma cells to standard therapy, antici-
pating little impact on the integrity and viability of
normal brain. The effect of CHC as adjuvant in glioma
therapy was also demonstrated by Mathupala et al.,27
who reported that U87-MG cells were more sensitive
to radiotherapy with CHC pretreatment. Thus, our
results for combination of CHC with standard therapy
highlighted the importance to target glioma glycolytic
metabolism, namely MCT activity; this will decrease
lactate concentrations in the tumor microenvironment
and, consequently, decrease the migration and invasive
capacity of glioblastomas, which is also associated
with resistance to standard therapy. TMZ has been de-
scribed to have a pro-autophagic56 and late apoptotic
effect,57 contributing also to an anti-angiogenic activity
of gliomas when combined with bevacizumab.58 These
studies showed that the effect of TMZ in vivo was
higher than in vitro, when the respective IC50 values
were compared. Thus, the in vitro effect of TMZ could
be masked by the cell culture conditions, and it might
be important to test the relevance of CHC and TMZ
combination in vivo. However, our study showed for
the first time that CHC potentiates the action of TMZ,
with a synergistic effect.
To clarify the role of MCT1 inhibition as the mecha-
nism of CHC action, we downregulatedMCT1 in U251,
SNB-19, and GAMG glioma cell lines, which exhibited
the highest MCT1 plasma membrane expression togeth-
er with higher sensitivity to CHC. Downregulation of
MCT1 led to a decrease in cell growth, proliferation,
and migration, likely because of the observed decrease
in lactate production. This indicates that MCT1 has an
important role in glioma proliferation and progression.
Downregulation of MCT1 expression in glioma cells
conferred resistance to CHC, as observed by the in-
creased IC50 values. Furthermore, treatment of
siMCT1 cells with CHC did not change lactate produc-
tion, providing further evidence for the specificity of
CHC for MCT1, because MCT4 is still present at the
plasma membrane in these cells, although at lower
levels than in MCT1. Of interest, the decrease in
CD147 expression after MCT1 downregulation that
was observed in U251 and SNB-19 cells was not detect-
ed in GAMG cells. This fact could be explained by the
higher MCT4 membrane expression in GAMG cells,
which could have allowed the maintenance of CD147
expression. These observations are in agreement with
the interdependence of MCT1/4 and CD147 described
in the literature.54
Overall, inhibition of MCT1 expression was similar
to inhibition of MCT1 activity, providing evidence for
CHC-inhibition of MCT1 as the mechanism of selective
toxicity observed in glioblastoma cells.
Furthermore, through in vivo studies, we observed a
significant decrease in the size of U251 tumors formed
in the CAM, validating the antitumoral activity of
CHC against glioma cells. This was further confirmed
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by a decrease in proliferation of glioma cells with CHC
treatment. These observations support the in vitro
results, where it was reported that CHC decreases cell
growth and promotes cell death. Although the CAM
assay is not a full in vivo assay, it has been used as a
rapid, economic, and reliable approach for drug screen-
ing, as demonstrated by other groups.37,59–61 In addi-
tion, we observed that CHC had an inhibitory effect in
the CAM angiogenesis, demonstrated by a significant
decrease in the vascularization associated with the
formed tumors, which we showed was not attributable
to direct effect of CHC on chicken endothelial cells. It
is described that lactate increases VEGF production,
the major angiogenic factor in the microenvironment,62
and we observed that CHC decreased lactate produc-
tion in U251 cells. Therefore, we hypothesized that
treatment with CHC decreased tumor size and number
of blood vessels, likely because of impairment of
tumor glycolytic metabolism and decrease in VEGF pro-
duction mediated by the decrease in microenvironment
lactate concentrations.
In summary, in the present study, we demonstrated
that MCT1 and MCT4, along with their chaperone
CD147, are upregulated at the plasma membrane in
glioblastomas. In addition, using in vitro and in vivo
glioblastoma models, we demonstrated the effectiveness
of inhibiting the activity and expression of MCT1, par-
ticularly in more glycolytic cells. Of importance, a syner-
gistic effect between CHC and TMZ was observed.
Thus, the use of MCT1 inhibitors and probably other
metabolic-targeting drugs should be explored as a
novel strategy for glioblastoma treatment.
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